Chade AR, Kelsen S. Reversal of renal dysfunction by targeted administration of VEGF into the stenotic kidney: a novel potential therapeutic approach. Am J Physiol Renal Physiol 302: F1342-F1350, 2012. First published February 22, 2012 doi:10.1152/ajprenal.00674.2011 damage and loss contribute to the progression of renal injury in renovascular disease (RVD). Whether a targeted intervention in renal microcirculation could reverse renal damage is unknown. We hypothesized that intrarenal vascular endothelial growth factor (VEGF) therapy will reverse renal dysfunction and decrease renal injury in experimental RVD. Unilateral renal artery stenosis (RAS) was induced in 14 pigs, as a surrogate of chronic RVD. Six weeks later, renal blood flow (RBF) and glomerular filtration rate (GFR) were quantified in vivo in the stenotic kidney using multidetector computed tomography (CT). Then, intrarenal rhVEGF-165 or vehicle was randomly administered into the stenotic kidneys (n ϭ 7/group), they were observed for 4 additional wk, in vivo studies were repeated, and then renal MV density was quantified by 3D micro-CT, and expression of angiogenic factors and fibrosis was determined. RBF and GFR, MV density, and renal expression of VEGF and downstream mediators such as p-ERK 1/2, Akt, and eNOS were significantly reduced after 6 and at 10 wk of untreated RAS compared with normal controls. Remarkably, administration of VEGF at 6 wk normalized RBF (from 393.6 Ϯ 50.3 to 607.0 Ϯ 45.33 ml/min, P Ͻ 0.05 vs. RAS) and GFR (from 43.4 Ϯ 3.4 to 66.6 Ϯ 10.3 ml/min, P Ͻ 0.05 vs. RAS) at 10 wk, accompanied by increased angiogenic signaling, augmented renal MV density, and attenuated renal scarring. This study shows promising therapeutic effects of a targeted renal intervention, using an established clinically relevant large-animal model of chronic RAS. It also implies that disruption of renal MV integrity and function plays a pivotal role in the progression of renal injury in the stenotic kidney. Furthermore, it shows a high level of plasticity of renal microvessels to a single-dose VEGFtargeted intervention after established renal injury, supporting promising renoprotective effects of a novel potential therapeutic intervention to treat chronic RVD.
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angiogenesis; renal artery stenosis; microcirculation; imaging RENAL ARTERY STENOSIS (RAS) is a major cause of chronic renovascular disease (RVD), whose incidence increases with age and currently affects 18% of individuals between the ages of 65 and 74 yr, and over 40% of those older than 75 (9) . Moreover, RVD is often progressive and may account for up to 16% of all cases of chronic kidney disease and end-stage renal disease (9, 13) . As the US population continues to age, RVD will increasingly represent a major health problem and economic burden. Hence, identification of potential therapeutic targets to modify the progressive nature of renal injury in RVD could provide significant benefit.
The microcirculation is a vital component of the normal functioning of any organ. Emerging evidence supports microvascular (MV) disease as a contributor to progressive renal injury (15, 26) . Glomerular and peritubular MV damage and loss have been linked to renal functional impairment and progression of renal damage in chronic renal disease (11) and renal graft function (28) . Furthermore, we have previously shown in a model of chronic RAS (as a surrogate of chronic RVD) that MV density and function are significantly reduced in the stenotic kidney (6, 15, 32) and that these changes are evident as early as 6 wk after initiation of RAS (15) and accompanied by a significant deterioration in renal function and marked renal fibrosis. However, the underlying mechanisms are unknown and targeted interventions are scarce.
We have recently shown that preservation of the renal microvasculature in the stenotic kidney can greatly attenuate the loss of renal function and the development of renal fibrosis (3, 15) . In this proof-of-concept study using a model of chronic RAS, a single intrarenal administration of vascular endothelial growth factor (VEGF) was performed at the onset of RAS and before development of renal damage. We demonstrated that endogenous levels of VEGF decreased significantly in the stenotic kidney (6, 15, 32) as RAS and renal damage evolve and that intrarenal administration of this cytokine was effective in preserving renal hemodynamics, function, and MV density (15) . However, whether using this approach at a later stage could reverse the progression of disease in the stenotic kidney and the mechanisms involved is still unclear.
The present study was designed to test the hypothesis that intrarenal VEGF therapy will reverse established renal dysfunction and decrease renal injury in a model of chronic RAS that mimics RVD. We determined 1) whether intrarenal VEGF administration could slow down or reverse the progression of renal injury in the stenotic kidney and therefore whether VEGF therapy could provide a novel clinical approach in the treatment of RVD; and 2) the mechanisms behind the progressive decrease in renal VEGF and its effects in the stenotic kidney. We used a wellestablished swine model that mimics human chronic RVD (4, 5, 17) . VEGF was administered intrarenally in the stenotic kidney after 6 wk of RAS and established renal injury, to closely reproduce a therapeutic approach that could be used in patients. Furthermore, in vitro studies were performed by exposing proximal tubular epithelial cells (PTEC; one of the main sources of VEGF in the kidney) to chronic hypoxia to elucidate the potential causes of the progressive decrease in VEGF and deterioration of the angiogenic signaling in the stenotic kidney.
MATERIALS AND METHODS

In Vivo and Ex Vivo Studies: Stenotic Kidney
The Institutional Animal Care and Use Committee at the University of Mississippi Medical Center approved all the procedures. Twenty-one prejuvenile domestic pigs (60 -65 kg) were observed for 10 wk. In 14 pigs, unilateral RAS (a surrogate and cause of RVD) was induced at baseline, as previously shown (4, 5, 17) . Additional animals were used as normal controls (normal; n ϭ 7). Blood pressure was chronically measured and recorded at 5-min intervals and averaged for each 24-h period using a telemetry system (PhysioTel, Data Sciences International) (4, 5, 15, 17) .
Six weeks after induction of RAS, all pigs underwent renal angiography to quantify the degree of renal artery stenosis. The pigs were anesthetized with intramuscular telazol (5 mg/kg) and xylazine (2 mg/kg), intubated, and mechanically ventilated on room air. Anesthesia was maintained with a mixture of ketamine (0.2 mg·kg Ϫ1 ·min Ϫ1 ) and xylazine (0.03 mg·kg Ϫ1 ·min Ϫ1 ) in normal saline and administered via an ear vein cannula (0.05 mg·kg Ϫ1 ·min Ϫ1 ). Under sterile conditions and fluoroscopic guidance, renal angiography was performed and stenosis was quantified as previously described (15) . After angiography, the catheter was positioned in the superior vena cava, and in vivo helical multidetector computer tomography (MDCT) flow studies were performed for quantification of single-kidney renal blood flow (RBF; ml/min), perfusion (ml·min Ϫ1 ·g tissue Ϫ1 ), and glomerular filtration rate (GFR; ml/min), as previously validated (4, 8, 16) .
After completion of the MDCT in vivo studies, the pigs were randomized into two groups: those that received vehicle (RAS, n ϭ 7) and those treated with a single intrarenal infusion of rhVEGF (0.05 g/kg, RASϩEGF, n ϭ 7), as described recently (3, 15) . Pigs were then observed for 4 additional wk, and in vivo studies were repeated at 10 wk.
Renal vascular resistance was calculated at 6 and 10 wk by dividing the mean arterial pressure (measured during the in vivo studies) and MDCT-derived RBF. Blood from the inferior vena cava and renal veins (from the stenotic kidney) were collected at 6 and 10 wk to measure plasma renin activity (PRA) and serum creatinine (SCr), as described (4, 15) .
Upon completion of all the 10-wk in vivo studies, the pigs were allowed 2 days to recover and then euthanized by an intravenous overdose of pentobarbital sodium (100 mg/kg). The kidneys were immediately removed using a retroperitoneal incision and immersed in heparinized saline (10 units/ml). One lobe was used for microcomputed tomography (CT) reconstruction. Another lobe was removed from one end of the kidney, snap-frozen in liquid nitrogen, and stored at Ϫ80°C to quantify the protein expression of the angiogenic and survival factors hypoxia-induced factors (HIF)-1␣, VEGF, total and phosphorylated ERK 1/2, angiopoietin (Ang)-1, and the specific Ang-1 receptor Tie-2, phosphorylated (p)-Akt, and phosphorylated endothelial nitric oxide synthase (p-eNOS). Finally, another portion of the kidney was preserved in 10% formalin and used to investigate renal morphology in midhilar renal cross sections stained with trichrome (3, 15) .
MDCT analysis. Manually traced regions of interest were selected in MDCT images in the aorta, renal cortex, medulla, and papilla, and their densities were sampled. Time-density curves were generated and fitted with extended ␥-variate curve fits. The area under each segment of the curve and its first moment were calculated using curve-fitting parameters and used to calculate single-kidney RBF (ml/min), GFR (ml/min), and regional perfusion (ml·min Ϫ1 ·g tissue Ϫ1 ) using previously validated methods (8, 16) .
Micro-CT. The stenotic kidney was perfused (Syringe Infusion Pump 22, Harvard Apparatus, Holliston, MA) with an intravascular contrast agent (Microfil MV122, Flow Tech, Carver, MA). The kidney samples were scanned at 0.3°increments using a micro-CT scanner and reconstructed at 9-m resolution for subsequent analysis using the Analyze software package (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN), as previously described (15) . The cortex was tomographically divided, and the spatial density and distribution of microvessels (diameters 0 -500 m) and vascular volume fraction (the ratio of the sum of cross-sectional areas of all vessels and the total area of the region of interest) were calculated, as previously described (15) .
Western blotting. Standard blotting protocols in renal cortical tissue homogenates were followed, as previously described (5), using specific polyclonal antibodies against HIF-1␣ (1:1,000, Cell Signaling, Boston, MA), VEGF, phosphorylated (p)-ERK-1, p-Akt, Ang-1, and Tie-2, and p-eNOS (1:200 for all, Santa Cruz Biotechnology, Santa Cruz, CA). ␤-Actin (1:500, Sigma, St. Louis, MO) was used as a loading control. Protein expression (1 band/animal) was quantified using densitometry and averaged in each group.
Histology. Midhilar 5-m paraffin-embedded cross sections of each kidney (1/animal) stained with trichrome were examined, and staining was semiautomatically quantified (NIS Element 3.0, Nikon Instruments, Melville, NY) and expressed as the percentage of staining of total surface area, as described (4, 15) . A glomerular score (percentage of sclerotic glomeruli) was assessed by recording the number of sclerotic glomeruli in 100 counted glomeruli as previously described (4, 15) . Furthermore, immunoreactivity against VEGF and its specific receptor Flk-1 (1:50 for both, Santa Cruz Biotechnology) was determined in renal cross sections (1/animal) following standard procedures.
In Vitro Studies: PTEC Exposed to Chronic Hypoxia
All the in vitro experiments were performed in duplicate. Cell culture. Proximal tubular porcine LLC-PK 1 cells (PTEC) were obtained from the American Type Culture Collection (Manassas, VA). All cells were cultured in Medium 199 with low glucose, supplemented with 2 mM glutamine, 50 U of penicillin/ml, 50 g of streptomycin/ml, and 3% fetal bovine serum (Invitrogen, Carlsbad, CA) and maintained in a humidified atmosphere of 5% CO 2 in air at 37°C. Cells were passed with TrypLE Select (Invitrogen) after they reached 80% confluence and utilized between passages 7 and 10 for all of the studies.
Hypoxic injury. Cells (1.5 ϫ 10 5 ) cells were seeded in each well of a six-well plate and allowed to adhere overnight. The following day, the plates were washed twice with PBS to remove any nonadhered cells. The plates were assigned randomly to either a control group or a hypoxic group. Three milliliters per well of fresh complete media was added to the control group and 3 ml/well of complete media that was preconditioned in the hypoxic chamber overnight was added to the hypoxic group. Plates were placed in a water-jacketed triple gas incubator at either 20% oxygen for normoxic conditions, or at 0.25% oxygen for hypoxic conditions by nitrogen purging. One plate for each group was incubated for 1, 2, 4, 6, 12, and 24 h, and 2, 3, 4, and 7 days. At the end of each time point, cells were washed twice with ice-cold PBS and total cell lysates were collected with fresh RIPA Lysis Buffer (Santa Cruz Biotechnology). The lysates were centrifuged at 14,000 g for 15 min at 4°C, and the supernatants were frozen in liquid nitrogen and saved for immunoblotting.
Cell viability and protein expression. The plates were washed twice with PBS, and cells were detached with TrypLE Select (Invitrogen) and centrifuged at 125 g for 5 min. Cells were resuspended in 100-l serum-free complete medium, and 10 l of 0.4% Trypan Blue was added to the cell suspension. The mixture was allowed to incubate for 3 min, and cells were counted on a hemacytometer within 5 min to avoid reduced viability counts. Cell homogenates were obtained at each time point, and Western blotting was performed following standard procedures to measure the expression of HIF-1␣ (1:1,000, Cell Signaling), VEGF, p-ERK 1/2, and p-Akt (1:200 for all, Santa Cruz Biotechnology). ␤-Actin (1:500, Sigma) was used as a loading control.
Statistical Analysis
Results are expressed as means Ϯ SE. Comparisons within groups were performed using paired Student's t-tests and among groups using one-way ANOVA with Bonferroni correction for multiple comparisons. Statistical significance was accepted for P Յ 0.05.
RESULTS
In Vivo Studies
General characteristics. Blood pressure and the angiographic degree of stenosis were similar in RAS and RAS ϩVEGF-treated animals after 6 and 10 wk of observation (Tables 1 and 2 , respectively, P Ͻ 0.01 vs. normal). PRA was similar among the groups after 6 (Table 1 ) and 10 wk (Table  2) , as we have previously shown (4, 15) in chronic experimental renovascular hypertension. RVR was increased after 6 wk of RAS (Table 1) , as we have previously shown (15) , and remained elevated at 10 wk. However, RVR was normalized in RAS after VEGF administration (Table 2) .
MDCT-derived single-kidney hemodynamics and function. Stenotic kidney basal RBF and GFR were similarly reduced in all RAS animals at 6 wk, as we have observed in previous studies (15) , accompanied by elevated SCr (Table 1) . However, while in RAS RBF and GFR remained attenuated and SCr further increases at 10 wk, both were normalized in RAS ϩVEGF-treated pigs (Table 2) as a result of a significant increase in RBF and GFR compared with pre-VEGF data (Fig. 1) . We observed a similar trend for cortical and medullary perfusion in RAS ϩVEGF kidneys (Tables 1 and 2 ). These improvements after VEGF administration were accompanied by a significantly lower SCr (albeit not normalized) compared with RAS (Table 2) .
Ex Vivo Studies in the Stenotic Kidney
MV 3D architecture. The density of microvessels with diameters Ͻ200 M in the stenotic kidney (which includes interlobar, arcuate, radial, and smaller microvessels) were significantly decreased throughout the renal cortex and medulla in untreated RAS after 10 wk (P Ͻ 0.05 vs. normal, Fig. 2) . Remarkably, VEGF administration at 6 wk led to a significant increase in cortical and medullary MV density, which was mainly due to a distinct increase in the density of MV with diameters Ͻ200 M. The density of MV with diameters between 200 and 500 M remained similarly attenuated, suggesting increased MV sprouting in RASϩVEGF-treated kidneys (Fig. 2) .
Angiogenic factors. VEGF administration in the stenotic kidney restored its renal expression at the MV, tubular, and glomerular compartments (Figs. 3 and 4) . Furthermore, intrarenal VEGF augmented the expression of HIF-1␣, p-ERK 1/2, p-Akt, p-eNOS, and Ang-1/Tie-2 (Fig. 3) , which are key mediators of VEGF effects. Renal fibrosis in the stenotic kidney was evident in the cortex, while no significant changes were observed in the renal medulla. As we previously showed (4), the stenotic kidney showed glomerulosclerosis, perivascular, and tubulointerstitial fibrosis. RASϩVEGF-treated kidneys showed a decrease in the overall renal fibrosis (P Ͻ 0.05 vs. RAS) (Fig. 5) .
In Vitro Studies in PTEC
Cell viability was similar in controls and PTEC exposed to severe hypoxia during the first 6 h of observation (99.2 Ϯ 0.4 vs. 99.1 Ϯ 0.3%, P ϭ not significant). Then, cell viability started to decrease and was significantly reduced after 7 days of exposure to severe hypoxia compared with controls (91.2 Ϯ 2.4 vs. 96.1 Ϯ 0.6%, P ϭ 0.02). The hypoxic cells showed sustained increased expression of HIF-1␣ compared with controls (Fig. 6A ) that started to decrease (albeit not significantly) after 4 days. On the other hand, PTEC showed an early increased expression of VEGF that peaked after 6 h of hypoxia, then reached a plateau and decreased progressively from 24 h to 7 days (Fig. 6B) . This was accompanied by a significant and progressive decrease in expression of p-ERK 1/2 and p-Akt (Fig. 6, C and D) , which concurred with the findings in the stenotic kidney. Interestingly, decreases in p-ERK 1/2 and p-Akt started within one h of hypoxia, preceding the decrease in VEGF and progressing thereafter.
DISCUSSION
The current study supports the potential and feasibility of a novel therapeutic approach to treat the stenotic kidney in chronic experimental RVD. A single intrarenal infusion of VEGF after 6 wk of RAS and established renal damage largely reversed renal dysfunction by restoring RBF, GFR, and perfusion in the stenotic kidney. These beneficial effects were accompanied by a significant expansion of the renal cortical and medullary MV bed likely via sprouting from preexisting vessels. The results therefore suggest not only that VEGF can promote neovascularization in the stenotic kidney but also that the newly formed blood vessels were functional.
Vascular nephropathies in humans can compromise renal function and promote progressive renal injury. Although the obstruction of large vessels in organs such as the heart and kidneys could Table and Fig. 1 ) supports the notion that these new vessels were also functional. *P Ͻ 0.05 vs. normal. †P Ͻ 0.05 vs. RAS.
be accurately identified and promptly resolved by catheter-based interventions, established pathological changes in the smaller vessels within the organ are difficult to target. Furthermore, the role that MV disease may play in the progression of renal tissue injury in RVD is unclear, and the availability of targeted interventions to protect the microvasculature is still in the experimental stages. For these reasons, a better mechanistic understanding of new therapeutic approaches for the treatment of renal MV disease is needed, and advances in this field could have a significant impact clinically.
VEGF is a prominent angiogenic cytokine that plays a crucial role in maintaining MV networks, including those in the kidney. By stimulating the migration of endothelial cell progenitors (19, 33) , VEGF promotes vascular proliferation and repair during developmental phases and also in ischemic or hypoxic tissues. A decrease in renal VEGF and its signaling pathways has been observed in progressive kidney disease (23) . We have recently shown that VEGF levels progressively decrease in the stenotic kidney of our model of chronic RAS (6, 15, 32) . This decrease in VEGF parallels MV damage and loss and deterioration of renal function, and all these deleterious changes in the stenotic kidney are evident as early as after 6 wk of RAS (15) . The decrease in renal VEGF was puzzling, since hypoxia is a powerful stimulus for VEGF secretion, as has been shown in vitro (21) . Nevertheless, it has also been suggested that long-term exposure to a hypoxic insult may decrease VEGF at a later stage (22) , suggesting a possible biphasic regulation of VEGF. To investigate whether this may occur in the stenotic kidney, we exposed PTEC (one of the main sources of VEGF in the kidney) (25) to chronic hypoxia and determined the viability of the cells and changes in the expression of VEGF at sequential time points. We observed similar cell viability with an early peak in VEGF expression after 6 h of hypoxia. Cell viability started to decrease after 6 h in hypoxic PTEC, as an expression of VEGF entered in a plateau phase until 24 h and then progressively and rapidly decreased thereafter, going below control levels after 7 days of hypoxia. Furthermore, the decrease in VEGF was preceded and followed by a progressive decrease in the expression of downstream mediators such as p-Akt and p-ERK 1/2, which started to decrease within the first hour of hypoxia and progressed afterward. It is interesting that these changes in hypoxic PTEC were accompanied by increased expression of HIF-1␣, one of the most potent upstream transcription factors stimulating VEGF, which started to decrease after 4 days. Although we are aware that cells were likely exposed to a more severe hypoxia in vitro than what we may observe in vivo in our model or in a clinical scenario, this observation suggests that there is likely a progressive disruption of VEGF signaling in renal cells as hypoxia advances. Furthermore, it also shows that the accompanying early and evolving loss of downstream mediators of VEGF combined with a progressive loss of sources and altered VEGF transcriptional mechanisms (10, 14) may have contributed to the decrease in renal VEGF bioavailability and signaling, consequently blunting MV repair and favoring MV loss.
We have recently shown that preventing the decrease in VEGF in the stenotic kidney via an intrarenal administration of this cytokine at the onset of RAS preserved MV density and function and decreased renal injury (3, 15) . The current study extends these observations by demonstrating that an intrarenal administration of VEGF at a later stage of RAS and established renal injury can largely reverse renal dysfunction in the stenotic kidney. Because this model of therapy mimics the clinical situation where the initial time point of RVD cannot be exactly determined, we can propose intrarenal administration of VEGF as a potential therapeutic approach to treat chronic RVD.
VEGF has a short half-life and despite some retention in the kidney after infusion, it is unlikely that all the effects we observed 4 wk later were driven by this mechanism. A single dose of VEGF significantly increased renal p-ERK 1/2, indicating augmented activity of this factor that plays a crucial role in stabilizing and prolonging the mRNA half-life of VEGF (10) . ERK 1/2 is also a powerful stimulus for differentiation of multipotent progenitor cells into an endothelial phenotype (30) . In turn, VEGF can promote sustained phosphorylation of ERK (29) , suggesting a feed-forward mechanism that may have augmented the glomerular and tubular expression of VEGF and mediators and facilitated MV proliferation in the stenotic kidney. Administration of VEGF also increased the renal expression of p-Akt, a key prosurvival factor, and Ang-1/Tie-2, which together with VEGF and Akt promote vascular proliferation and the maturation of the newly generated vessels (7, 27) and in turn can stimulate HIF-1␣ (31) . Also, Ang-1 is a powerful stimulus for mobilization (as is VEGF) (1) and homing of cell progenitors to ischemic tissues, which are key steps for neovascularization (24) .
After 10 wk of RAS, MV damage and loss in the stenotic kidney affects not only the cortex but also the medulla. This finding reflects a progression of renal injury in the stenotic kidney since at 6-wk MV rarefaction is only observed in the renal cortex (15) . A single intrarenal infusion of VEGF after 6 wk of RVD restored cortical and medullary MV density in those vessels with diameters Ͻ200 M, whereas the density of larger microvessels between 200 and 500 M remained attenuated. This distinct increase suggests augmented MV sprouting from preexisting vessels, a well-known proangiogenic effect of VEGF (2, 12) . The increased renal microvasculature in the RASϩVEGF kidney might have also been promoted by increased p-eNOS, which suggests augmented activity and possibly increased NO bioavailability. It has been shown that eNOS-derived NO plays an important role in the initial MV sprouting induced by VEGF (18) and that the NO-VEGF axis provides resistance to injury of tubular epithelial cells and glomerular endothelial cells (20) . Therefore, our study indicates that administration of VEGF after established renal injury improved the angiogenic cascade leading to augmented MV proliferation, which was evident throughout the renal compartments.
The potential functional significance of the improved renal vasculature was quantified in vivo in the stenotic kidney using MDCT 4 wk after VEGF administration. The untreated stenotic kidney showed blunted RBF and GFR both at 6 wk and after 10 wk compared with normal controls. SCr was increased at 6 wk and further elevated after 10 wk of RAS, suggesting progression of renal injury. However, intrarenal administration of VEGF restored RBF, GFR, and improved perfusion at 10 wk compared with the 6-wk, pre-VEGF data, indicating a reversal of renal dysfunction and, more importantly, suggesting functionality of the newly generated vessels. In addition, an augmented vasodilatation of the new and preexistent vessels (mainly in the preglomerular vasculature) via an VEGF-induced increased NO may have also contributed to the improvement observed in RASϩVEGF kidneys.
The decreased fibrosis in the RASϩVEGF kidney should be viewed with caution. We recently showed that the stenotic kidney presents significant glomerulosclerosis, tubulointerstitial, and perivascular fibrosis after 6 wk (15) and that these changes were largely prevented by intrarenal administration of VEGF at the onset of RAS. Hence, since we quantified fibrosis at a later time point (10 wk), it is possible that the improvements in tissue damage we observed in the current study compared with untreated time controls are due to a significant slowdown of the progression of renal injury rather than actual reversal of established renal damage. This notion is also underscored by the unchanged SCr in RASϩVEGF between 6 and 10 wk, unlike untreated RAS kidneys which show a HIF-1␣ showed a sustained increased expression during the first 72 h and then started to decrease after 4 days of hypoxia. However, expression of VEGF showed an early peak at 6 h, which then reached a plateau and started to decrease after 24 h, whereas phosphorylated ERK 1/2 and Akt progressively decreased from the beginning, and this was accentuated as chronic hypoxia evolved. *P Ͻ 0.05 vs. measurement at 1 h, †P Ͻ 0.05 vs. measurement at peak.
progressive increase in SCr. The remaining injury in the stenotic (and contralateral, as we have shown) (15) kidney may partly explain the lack of a decrease in hypertension in RASϩVEGF, which could possibly be sustained via impaired renal water and sodium handling. However, the reasons behind the persistence of hypertension in RASϩVEGF are not entirely clear.
Limitations
We are aware that this study could be considered mainly as observational, and future research is needed to dissect these mechanisms in other experimental platforms or models that allows additional manipulations (e.g., genetically altered mice or rats). On another note, it is possible that some of the newly generated vessels could be shunting preglomerular vessels that may have artifactually increased GFR, and examination with, for example, inulin clearance (16) in RASϩVEGF, will further define the contribution to renal function of the newly generated vessels. Furthermore, the degree of renal fibrosis is still relatively mild at this point, and future studies using this intervention at later stages, with more severe renal scarring, will better define the potential therapeutic use of VEGF. Finally, since the main etiology of human RAS is atherosclerosis, determining the potential of an intrarenal administration of VEGF in a model of atherosclerotic RAS (4, 5) will expand the current observations.
In summary, the current study shows promising therapeutic effects of a targeted renal intervention, using an established clinically relevant large-animal model of RAS that mimics chronic RVD. This study also illustrates the biphasic regulation of VEGF in the kidney under chronic hypoxic conditions and underscores the importance of MV rarefaction on the progression of injury in the stenotic kidney. In turn, it also implies a high level of plasticity of renal microvessels to a single-dose VEGF intervention after established renal injury. More studies are needed to solidify the feasibility and extent of this intervention by applying it at a more advanced stage of disease and also to determine its potential as a treatment for patients in which revascularization is not warranted. Slowing down the progression of renal injury may certainly increase the chances of renal recovery after revascularization. Moreover, these results also offer the potential to consider VEGF as a viable coadjuvant intervention that may improve the responses to established treatments in the stenotic kidney, such as catheterbased interventions, in which improvements in renal function are still observed in only one-third of patients.
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